Approximately one-third of the global burden of tuberculosis (TB) remains undiagnosed each year and the vast majority of cases of multidrug-resistant TB remain undetected. Many countries still place heavy reliance on outdated technologies that are blunt and ineffective tools for controlling this epidemic. However, during the past 10 years, there has been substantial progress within the TB diagnostics developmental pipeline. Old technologies have been reviewed and improved and new technologies have been developed and evaluated and are now being implemented. This review summarizes these developments and describes the currently available diagnostic tools. Consideration is given to the requirements of future diagnostic tests and how these should be evaluated not only with regard to their diagnostic accuracy and operational feasibility, but ultimately in terms of whether they impact clinical outcomes cost effectively, especially for those most in need.
T he global burden of tuberculosis (TB) remains enormous, and the incidence rate is decreasing at just 2% per year (WHO 2013a) . Although the reasons underlying this slow progress in TB control are complex, TB diagnostic tools have long been recognized as a critical weakness in the care pathway. It was estimated that of the 8.6 million cases that occurred in 2012, 3.0 million of these were missed by national notification systems. Moreover, just one in five of the 450,000 cases of multidrugresistant TB (MDR-TB) that occur worldwide each year was detected (WHO 2013a). To accelerate progress toward elimination of TB as a public health problem by 2050, there is a need for major improvements in the diagnostic process and in the microbiological tools that are used (Abu-Raddad et al. 2009 ).
In low-and middle-income countries, which bear the vast majority of the global burden of disease, heavy reliance is still placed on outdated TB diagnostic tools such as direct sputum smear microscopy, solid culture, and chest radiography. These lack either sufficient sensitivity or specificity, are too slow, or are not available at the periphery of the health system where patients first seek care. Opportunities to intervene early in the disease are lost, and diagnosis based solely on clinical suspicion results in overprescription of TB treatment in some settings.
Whereas rapid and accurate point-of-care assays have greatly simplified the diagnosis of blood-borne disease such as human immunodeficiency virus type 1 (HIV-1) infection and malaria, no comparable tools exist for TB. TB presents a far greater diagnostic challenge. Diagnostic tools must be able to detect pulmonary and extrapulmonary disease when testing a wide variety of clinical sample types, which may differ substantially in bacillary burden. The ability to reliably distinguish between active TB and latent infection is crucial. To reduce morbidity, mortality, and transmission risk, accurate diagnosis is needed in the early stages of disease when bacillary burden in samples may still be low. Assays should be useful in both adults and children as well as those with immunodeficiency due, for example, to HIV coinfection. The growing threat of drug resistance worldwide (WHO 2013a) means that drug susceptibility testing (DST) must be routinely performed, and the advantages of incorporating this within the initial diagnostic assessment are self-evident.
Appropriate diagnostic assays are required for use at all levels of the health-care system and the community, even in settings with the least developed infrastructure. Obtaining samples and testing them must be safe for the patient, for other patients, for the staff in the health-care environment, and for laboratory staff. Frequent failure of diagnosed TB cases to start TB treatment (MacPherson et al. 2014) , often referred to as "initial treatment default," highlights the critical need for same-day diagnosis and treatment initiation. The complexity of these various requirements and the vastly differing settings in which the diagnostic assays need to be used means that it is highly unlikely that a single test will ever be developed, but rather it is likely that a range of different assays will be needed at different levels within the healthcare system.
The developmental pipeline for TB diagnostics has received much needed focus in recent years. Old technologies have been reviewed and improved and new ones have been developed, evaluated, and implemented. With a rapidly growing evidence base, the World Health Organization (WHO) has issued 11 separate policy statements between 2007 and 2014 regarding TB diagnosis and diagnostic tools (Table 1) . Four of these address sputum smear microscopy. Two statements address culture-based systems for diagnosis and DST, and one addresses the use of line-probe assays (LPAs) for rapid molecular diagnosis of drug resistance. Negative recommendations have also been issued regarding the use of serodiagnostic assays and interferon-g release assays (IGRAs) for TB diagnosis. Following endorsement in December 2010, WHO issued a policy statement in 2011 on use of the Xpert MTB/RIF automated rapid molecular assay for diagnosis of pulmonary TB and detection of rifampicin resistance. Guidelines on Xpert MTB/RIF were updated in 2013 to incorporate recommendations on use in children and for diagnosis of extrapulmonary TB.
The inverse care law states that the availability of good medical care tends to vary inversely with the need for it in the population served (Hart 1971) . This is very true of TB diagnostic capacity. The WHO regions with the greatest burden of TB (Africa and South and Southeast Asia) have the least capacity for TB culture and DST by phenotypic means or by line-probe assay, for example (Table 2) . Even though a simple and effective means of improving smear microscopy using light-emitting diode (LED) microscopes was endorsed by WHO in 2011, uptake around the world is still at very low levels (Table 2) . Thus, developments in new diagnostic tools and evolution of global policies must be accompanied by effective implementation, especially where the need is greatest.
LABORATORY TECHNOLOGIES

Microscopy and Culture
Microscopy
Light microscopy of sputum smears has been the mainstay of TB diagnosis for more than a century and remains the most common means of case detection with assessment of .80 million patients per year (Perkins 2009 ). It uses cheap equipment and materials and is relatively rapid. However, it is insensitive and requires significant effort on the part of the laboratory technologist who has to meticulously examine dozens of microscopic fields such that quality is very operator-dependent. The sensitivity of smear microscopy is limited to detection of samples with greater than 10,000 bacilli per milliliter of sputum. Bacillary concentrations in sputum are typically lower in patients with HIV coinfection, such that the sensitivity of smear microscopy is often 20% lower in these patients (Gupta et al. 2013) . Maintaining functional equipment and proficient microscopists out to the periphery of the health-care system in resource-limited settings has proved challenging. The specificity of microscopy is generally good in high TB burden settings, but it is lower in high-income countries where the proportion of positive sputum smears that is attributable to nontuberculous mycobacterial species is greater.
Two methods have been developed to increase the sensitivity of smear microscopysputum processing before preparation of smears and use of fluorescent staining. Numbers of methods for sputum liquefaction (e.g., using inexpensive household bleach) and concentration (e.g., using centrifugation) have been shown to increase yield (Steingart et al. 2006a ). Fluorescence microscopy for Mycobacterium tuberculosis was developed 70 years ago and allows slide examination with a medium power (25Â -40Â) objective, increasing the speed of reading slides and increasing sensitivity by 10% with no loss in specificity (Steingart et al. 2006b) . A major barrier to use of fluorescence microscopy in resource-limited settings was the high equipment cost and short bulb life. However, this problem has now been overcome by the development of microscopes with ultrabright lightemitting diodes (LEDs), which have low energy requirements (allowing battery operation) and a life span of .10,000 h (Perkins 2009; Minion et al. 2011a ). High-performance and inexpensive LED microscopes are now available and are increasingly being used, although the rate of scale-up is slow ( Table 2 ). Development of automated microscopy has resulted in prototype devices, but successful devices have not yet emerged. The Xpert MTB/RIF has now been implemented nationwide as a replacement for smear microscopy in South Africa, and it is possible that other high-burden countries may also do so in the future. However, paradoxically, smear microscopy is unlikely at present to be replaced as a primary diagnostic screening tool in industrialized countries where detection of nontuberculous mycobacterial species is of greater importance than in resource-limited settings.
Culture-Based Diagnosis Drug Susceptibility Testing
The most sensitive means of detecting M. tuberculosis is the culture of processed samples on enriched media. If culture is performed in high-burden countries, this usually uses solid egg-based media (Lowenstein-Jensen or Ogawa) with subsequent visualization of colonies. This requires 6 -8 wk to rule out growth because M. tuberculosis replicates very slowly. Use of selective liquid media and growth indicator systems increase both the sensitivity and speed of detection. Time to detection is shortest using liquid culture with continuous automated monitoring systems, approximately halving the time to detection compared with culture on solid media (Perkins 2009 ). The emergence of the global epidemic of drug-resistant TB worldwide during the past decade has emphasized the need for much wider availability of culture for both diagnosis and DST. The most widely used method in resource-limited settings has been indirect DSTof positive cultures on solid media, typically taking 2-3 mo. Incorporation of DST into automated liquid culture detection can reduce time to culture and DST results to 2 wk. In 2007, WHO endorsed the use of liquid culture media and phenotypic DST in low-and middle-income countries ( Table 1) .
As liquid culture is highly sensitive for growth of a wide range of nontuberculous mycobacteria, including environmental species, rapid and simple species identification is essential. Thus, WHO endorsement of liquid culture also included rapid species identification in solid or liquid culture isolates using a simple, low-cost, lateral-flow test (Capilia TB-Neo, Tauns Laboratories Inc., Japan) that detects the MPT-64 protein specific to M. tuberculosis (Hillemann et al. 2005) . This has great advantages in terms of speed, simplicity, and cost over previously used phenotypic or genotypic methods of speciation.
Commercially available liquid culture systems have capital and reagent costs that are prohibitive for many resource-limited countries. Moreover, both the specimen processing and culture systems are relatively complex procedures that are challenging to perform outside reference laboratories. Thus, although commercial liquid culture systems and line-probe assays emerged in 2008 as the WHO-recommended gold standard endorsed for rapid detection of MDR-TB (Table 1) , their technical complexity, cost, and the requirement for sophisticated laboratory infrastructure have limited their implementation (Table 2 ). In view of this, several other noncommercial, low-cost methods of culture and DST that require less sophisticated laboratory infrastructure have also been developed.
In 2011, WHO endorsed the use of three of these as an interim solution while capacity for more technically demanding assays was being developed (WHO 2011b). These assays included the microscopic observation of the drug susceptibility (MODS) assay, the nitrate reductase assay (NRA), and the colorimetric redox indicator (CRI) assay. All three rely on detection of growth of M. tuberculosis in drug-free and drugcontaining media. MODS is a microcolony liquid culture method conducted in 24-well culture plates with microscopic detection of early growth with M. tuberculosis through recognition of highly characteristic cord formation using an inverted microscope (Moore et al. 2006 ). Inclusion of additional TB drug-containing wells allows evaluation of susceptibility to a range of additional drugs. MODS has high accuracy for diagnosis of MDR-TB and provides a result within a mean turnaround time of 10 d (Minion et al. 2010) .
The nitrate reductase phenotypic assay is a colorimetric method, which can be used as a direct method on sputum or as an indirect method on cultures (Musa et al. 2005 ). The assay is based on the ability of M. tuberculosis to reduce nitrate, which is detected by a color reaction on solid media. The CRI assay is based on the reduction of a colored indicator added to culture medium in a microtiter plate after exposure of M. tuberculosis to anti-TB drugs (Palomino et al. 2007) . A simple visual readout is therefore possible.
WHO did not find sufficient evidence in 2011 to endorse the thin-layer agar (TLA) or phage-based assays. The TLA assay works on the same basis as MODS, but it uses drug-free and drug-containing agar with a colorimetric indicator in segmented Petri dishes (Robledo et al. 2008) . Phage-based assays rely on mycobacteriophages, which infect M. tuberculosis bacilli if they are viable. Thus, detection of replicating bacteriophages in decontaminated specimens in the presence or absence of drug provides a rapid means of assessing drug susceptibility (Kiraz et al. 2007) . A commercially available version of this assay (FASTPlaqueTB, Biotec, UK) uses a conventional plaque readout on a lawn of rapidly growing mycobacterial on solid media, giving results within 48 h.
Field experience and operational research are providing an increasing evidence base for these assays as an alternative to commercial liquid culture and DST. Despite comparatively low costs, they remain relatively labor-intensive, requiring preinoculation processing and repeated examinations during incubation. These assays are not as yet being widely implemented.
Nucleic Acid Amplification Tests
Major progress has been made in the rapid molecular detection of M. tuberculosis using nucleic acid amplification tests (NAATs). These assays use a range of molecular techniques including polymerase chain reaction (PCR), realtime PCR, isothermal amplification, strain displacement or transcription-mediated amplification, and ligase chain reaction (Drobniewski et al. 2013) . These are often combined with highly specific detection systems with hybridization with specific oligonucleotide probes to increased assay specificity. Speed and biosafety are the main advantages as containment is only required for the initial sample processing.
The first generation of assays developed 20 years ago showed excellent performance in terms of speed and specificity. However, although analytic performance was high in laboratory-based evaluations and in studies of smear-positive clinical samples, sensitivity for smear-negative samples was limited, potentially being compromised by the presence of PCR inhibitors or by loss of nucleic acids during sample processing. These initial assays were therefore not widely implemented as they were unable to compete with culture with regard to either sensitivity or DST, and their cost and complexity resulted in their use being largely restricted to high-income countries (Perkins 2009 ). However, development of newer assays and the growing need for rapid molecular detection of drugresistant TB have resulted in WHO endorsement of rapid molecular assays in recent years, including line-probe assays and the Xpert MTB/RIF assay (Table 1) . Table 3 shows the range of NAATs that were commercially available in 2013 for diagnosis of pulmonary TB directly from sputum samples. These include assays launched 20 years ago to assays only recently marketed. (Morgan et al. 2005; Ling et al. 2008 ). More recently, the newer MTBDRplus version 2.0 assay (Hain Lifescience) has shown improved performance, with sensitivity for sputum smearnegative TB that is similar to that of the Xpert MTB/RIF assay (Barnard et al. 2012; Crudu et al. 2012) .
In 2009, the Genotype MTBDRsl assay (Hain Lifescience) was released, providing capacity for expanded DST to include second-line drugs (Hillemann et al. 2009 ). WHO expert review of data concerning this assay in 2012 found moderate test sensitivity for the detection of fluoroquinolone and second-line injectable resistance with high specificity. It was concluded that although the Genotype MTBDRsl assay cannot be used as a replacement for conventional phenotypic DST, it does provide a rapid rulein (but not rule-out) screen for XDR-TB (WHO 2013c). However, because cross-resistance between second-line injectables is incomplete, the assay cannot be used to identify individual drugs to be used for treatment.
Xpert MTB/RIF Assay
GeneXpert (Cepheid Inc, Sunnyvale, CA, USA) is a self-contained, fully integrated and automated cartridge-based diagnostic platform that can be operated with minimal technical expertise . The Xpert MTB/RIF cartridges incorporate microfluidics technology and fully automated nucleic acid analysis to purify, concentrate, detect, and identify targeted nucleic acid sequences from unprocessed clinical samples using real-time PCR technology and a molecular beacon detection system (Fig. 1) . This permits identification of the M. tuberculosis complex within 2 h and simultaneous detection of the presence or absence of mutations that confer rifampicin resistance in the 81-base-pair core region of the rpoB gene (Lawn and Nicol 2011) . Following initial endorsement in December 2010, WHO issued policy recommendations in 2011 for the use of this assay for diagnosis of pulmonary TB (WHO 2010), and these were updated in 2013 to include diagnosis of TB in children and diagnosis of extrapulmonary TB (WHO 2013b).
Extensive data from around the world are available on the diagnostic accuracy of the Xpert MTB/RIF assay for pulmonary TB (Boehme et al. 2010) . Pooled summary estimates of sensitivity for sputum-culture-positive disease show that Xpert MTB/RIF detects approximately nine out of 10 cases with a pooled specificity of 99% (95%CI, 98% -99%) including almost all smear-positive cases and approximately twothirds of smear-negative cases (Table 4) . Despite the high frequency of smear-negative disease, the sensitivity of Xpert MTB/RIF in those with HIV-coinfection was not substantially lower than that in HIV-negative participants . Accumulating evidence now supports the role of the Xpert MTB/RIF assay for diagnosis of some forms of extrapulmonary TB (Denkinger et al. 2014) . Sensitivity varies according to sample type, whereas specificity is uniformly high across all types. Useful sensitivity is observed when testing biopsies and needle aspirates of lymph nodes, biopsies of other tissues, and cerebrospinal fluid samples (Table 4) . However, sensitivity is much more limited when testing pleural fluid samples, leading to WHO recommendations that the assay can be used for diagnosis of TB meningitis and TB in lymph nodes and other tissues (WHO 2013b).
The pooled sensitivity of Xpert MTB/RIF for detection of rifampicin resistance in pulmonary specimens was 95% , reflecting the proportion of rifampicin resistance that is mediated by mutations in the target region of the rpoB gene. Pooled specificity for rifampicin resistance was suboptimal (98%; 97% -99%), however, which means that in clinical populations with low prevalence of rifampicin-resistant TB, the positive predictive value of rifampicin-resistant result from Xpert MTB/ RIF is limited. Following modification of the assay cartridge and platform software in December 2011, however, data on the performance of the revised G4 version of the cartridge indicate higher specificity for rifampicin resistance (Osman et al. 2014) . The Xpert MTB/RIF assay is now being widely implemented around the world and, in 2011, South Africa took the bold decision to implement this nationwide as a replacement for sputum smear microscopy. Although the Xpert MTB/RIF assay is a substantial advance, it is an imperfect solution. High cost, sophisticated hardware, linkage to a computer, the need for an uninterrupted power supply, annual calibration, module breakdowns, and operator training requirements are all disadvantages in resource-limited settings (Trebucq et al. 2011) . Although the assay can be completed within 2 h, same-day diagnosis and treatment initiation are logistically challenging to achieve within overcrowded clinics in resource-limited settings. Economic and logistical issues mean that implementation of this assay will largely be constrained to the laboratory environment and away from the actual clinical interface.
Developmental Automated Rapid Molecular Systems
Fully automated systems that use isothermal amplification at lower operational temperatures have much lower power requirements than the Xpert MTB/RIF assay (Niemz and Boyle 2012; UNITAID 2013) . Hand-held battery-powered systems the size of a smart-phone produce PCR product far more rapidly (,30 min) than GeneXpert and therefore may be much more readily used at the point-of-care. A number of new NAATs have been commercially launched, including some that are intended for use in peripheral laboratories (Table 3) . It is anticipated that in the coming few years, a number of fully automated multiplexed assays (referred to as "fast-followers") with fully integrated sample processing will emerge to compete with the Xpert MTB/RIF assay, enabling both rapid TB diagnosis and detection of resistance to multiple drugs.
Manual Loop-Mediated Isothermal Amplification Test
Work continues on the development and evaluation of a simplified manual molecular assay for laboratory-based use in resource-limited settings, using loop-mediated isothermal amplification (LAMP) with a simple visual colorimetric readout (George et al. 2011; Mitarai et al. 2011) . Rather than requiring repeated heating and cooling cycles used in PCR, such assays can be performed using a simple water bath, making the assay far more amenable to use within resource-limited settings. Expert review by WHO in 2013 of the Loopamp assay (Eiken Chemical Co., Japan) found that this could detect the vast majority of smear-positive samples and approximately half of smear-negative samples (WHO 2013d). However, specificity was insufficient (,95%) for the assay to be recommended as a replacement for smear microscopy and further developmental work is needed, especially to improve specificity.
Antigen Detection
M. tuberculosis antigen detection has long been viewed positively as an option for TB diagnosis as this has the advantage of reflecting mycobacterial burden (active disease rather than latent infection) and not depending on the immune status of the individual. Moreover, analysis of urine rather than sputum samples is a very attractive option as this is simple to collect without generating hazardous bioaerosols, it is safe to handle in the laboratory, it has relatively few bacterial contaminants, and sample quality is unlikely to be highly variable (Peter et al. 2010) .
A number of mycobacterial antigens can be detected in the urine of patients with pulmonary TB (Kashino et al. 2008) , but the most promising of these to emerge is the cell wall lipopolysaccharide lipoarabinomannan (LAM) (Peter et al. 2010; Lawn 2012) . A polyclonal antibody, sandwich enzyme-linked immunosorbent assay (ELISA) for urine LAM has been commercially available for a number of years (Minion et al. 2011b) , and more recently, a simple, low-cost, lateral flow version of this assay has been developed and this can be used at the point-of-care (Fig. 2) (Lawn et al. 2012a; Peter et al. 2012) .
Multiple studies have shown that the specific niche for this assay is for diagnosis of HIVassociated TB in patients with advanced immunodeficiency (CD4 cell counts ,200 cells/mL), such as those being screened in antiretroviral treatment clinics or HIV-infected medical inpatients. Studies from South Africa have reported that among those with the lowest CD4 cell counts, the assay can diagnose between one-half and two-thirds of cases with high specificity within 30 min. Those detected by this assay are likely to have disseminated TB, and growing evidence suggests that the main mechanism underlying the presence of LAM in urine is actual renal involvement with TB following hematogenous seeding (Lawn 2012) . This explains why the utility of the assay is restricted to those with advanced immunodeficiency, poor prognostic characteristics, and high mortality risk (Lawn et al. 2012b; Talbot et al. 2012 ). These are the very patients in whom TB diagnosis and initiation of treatment are most urgent. Studies of the clinical impact of using this assay are awaited. The growing evidence base on this assay is being reviewed by WHO in 2014.
Serological Assays
Serological assays have long been attractive as a prospect for a simple, rapid, low-cost, and noninstrumented assay that uses a finger prick blood sample and can be used in the very lowest tier of the health-care system and community. However, systematic reviews of a large range of commercially available serodiagnostic assays for TB used widely in some parts of the world revealed that they had very limited accuracy and were of no clinical value (Steingart et al. 2007a,b) . In 2011, WHO took the unprecedented step of issuing a negative recommendation against the use of currently available assays (WHO 2011d). However, future use of serodiagnostic assays has not been discounted and active research and development are ongoing.
A better understanding of the complex and evolving nature of the humoral immune response during the different stages of infection and disease is needed. The multiplicity of different M. tuberculosis exposure, infection, and disease states Young et al. 2009 ) is likely to be associated with overlapping humoral immune response profiles, such that limited specificity is likely to remain the Achilles heel in high-burden settings. Early tests were based on crude mixtures of antigens that lacked specificity, but now an expanding range of purified immunodominant antigens has been identified (Steingart et al. 2009 ). Assays using individual antigens are unlikely to have sufficient sensitivity, and so it is likely that combinations of purified antigens will be needed. Sensitivity is usually limited in those with HIV coinfection, although serological responses to certain antigens appear to be preserved in this patient group (Yu et al. 2012) . Serological assays have frequently been evaluated in small case-control studies in which highly selected study groups have been recruited, potentially giving a false impression of their accuracy. Much larger prospective studies are needed.
Interferon-g-Release Assays
Interferon-g-release assays (IGRAs) detect interferon-g production by CD4 lymphocytes in the blood of individuals in response to ex vivo stimulation with RD1-encoded M. tuberculosisspecific antigens, such as culture filtrate protein-10 (CFP-10) and early secretory antigen-6 (ESAT-6) . Positive responses indicate immune sensitization by prior exposure to the organism. However, because these assays lack sensitivity among those with active disease and cannot distinguish between active disease and latent infection, these assays should not be used in place of standard diagnostic methods for diagnosing active TB. WHO has specifically recommended that these assays not be used in low-or middle-income countries for diagnosis of active disease or latent infection (WHO 2011d). However, in limited clinical situations such as those in which all microbiological tests are negative and in diagnosis in children, IGRAs can contribute supplementary information as part of a diagnostic work-up (European Centre for Disease Control 2011).
However, this role is limited as the assays can neither be used to rule in nor rule out TB.
Other Developmental Assays
When M. tuberculosis is actively replicating, volatile organic compounds (VOCs) are released and are detectable in sputum, urine, and breath, thereby potentially forming the basis of a diagnostic assay (UNITAID 2012). As a proof of concept, Giant African Pouch rats can be trained to identify TB in sputum samples by olfaction, but this does not constitute a viable, scalable solution. Thus, a field of diagnostics research is exploring the use of "breathalyzers" and "electronic noses" that detect VOCs using chemical sensors and pattern recognition systems (Bruins et al. 2012; Phillips et al. 2012) . The advantages of using such tests to screen for TB would be speed, noninvasiveness, and the lack of need for sample processing. However, to date, early developmental systems have required sophisticated laboratory equipment and highly skilled technicians and have lacked specificity (Phillips et al. 2012 ). Thus, viable prototypes for routine use have yet to emerge.
DEVELOPING THE IDEAL DIAGNOSTIC TEST
The ideal test for TB would be one that could be performed at the point-of-care, providing immediate results that can be used to reliably inform treatment decisions without the need for further laboratory-based testing. The test should be readily used at all levels of the health-care system, on hospital wards, outpatient clinics, peripheral health posts, mobile medical services, medical outreach teams visiting the remotest locations, and within the patient's home. Standalone diagnostic devices already exist for a range of infectious diseases, including HIV infection, malaria, hepatitis B, syphilis, and Chagas' disease. However, TB diagnosis presents a greater challenge. Unlike many of these diseases, TB is not primarily blood-borne, a wide spectrum of infection and disease states occur, and disease may be caused by very low bacillary numbers and may occur at any anatomic site. Although use of a single test for diagnosis would be ideal, an al-ternative approach would be serial testing using a high-sensitivity, low-specificity screening test followed by referral for a definitive test. However, in general, the more complex the screening algorithm, the weaker it is likely to be. If the screening test were simple and low-cost, this might nevertheless provide a suitable approach for screening in very remote communities with poor access to health services. The specifications of the "ideal" diagnostic test for TB are a subject of debate (McNerney and Daley 2011) . Although such a test may never be developed, prespecified desirable characteristics are important for guiding ongoing research and development. Table 5 shows the minimum test specifications that were identified during an expert meeting in 2009, including diagnostic accuracy, issues related to operational feasibility in a range of environments and cost (Lemaire and Casenghi 2010) . The Xpert MTB/ RIF assay has made progress toward fulfilling some of these goals, including diagnostic accuracy requirements in adults and being made available at a heavily subsidized cost of $9.98 per test in low-and middle-income countries.
Drawbacks of the Xpert MTB/RIF assay include the sophisticated diagnostic platform, which is costly, needs to be linked to a computer, is subject to breakdown of the modules, requires annual calibration, has high power requirements, and lacks portability ). The next-generation rapid molecular devices have much simpler instrumentation, greater speed, and low power requirements (UNITAID 2013) but their diagnostic accuracy remains to be defined. Although these evolving rapid molecular assays offer the prospects of much improved TB diagnosis, they still remain far from the simplicity of a lateral-flow HIV test. Thus, there remains a huge need for ongoing biomarker discovery and research and development of new diagnostic formats (Wallis et al. 2013 ).
EVALUATIONS OF NEW DIAGNOSTIC TESTS FOR TB
As with any other medical technology, new TB diagnostic assays require thorough evaluation before their implementation into routine practice. The methods and nomenclature for ap- (Bossuyt et al. 2003) . Diagnostic accuracy studies need to be conducted in a wide variety of clinical populations so as to encompass the true spectrum of disease and patients. Systematic reviews and meta-analyses are a critical next step in the synthesis of the findings of these studies, with careful review of the biases inherent in the studies included.
A critical component of diagnostic accuracy studies is a robust reference standard against which to compare the new assay. This is particularly challenging for certain forms of extrapulmonary TB and especially for pediatric TB in which only a limited proportion of disease may be microbiologically proven. There is additional difficulty in which the reference standard and index test are performed on samples from different anatomic compartments. Forexample, many of the evaluations of the Determine TB-LAM Ag urine LAM assay have used sputum culture as the reference standard despite the fact that a high proportion of true-positive LAM tests occur in patients with either negative sputum tests or no sputum production (Lawn et al. 2014) .
Diagnostic accuracy is, however, only one component in the evaluation of diagnostic assays and much else needs to be considered. Factors include patient acceptability, the logistics of the testing procedure, the safety of patients and health-care workers, the precise role of the test within the diagnostic algorithm, the impact of the test on clinical decision-making, impact on health outcomes, cost-effectiveness, and overall cost of implementation. Testing procedures must be patient friendly and take into account the indirect costs that patients often have to bear when making repeated attendances at health clinics. The speed and throughput of the assay, as well as its ease of use within the clinical or laboratory environment, are critical. Biosafety is a vital consideration both during sample collection and running the test.
The final goal of a new diagnostic test is not simply to achieve accurate diagnosis of TB but is rather to achieve a clinical impact (Bossuyt et al. 2012) . At the level of the individual patient, the aim is to reduce TB-related morbidity and mortality and, at the community-level, the aim is to reduce TB transmission and the burden of TB. New diagnostic tests have to be evaluated within the context and complexities of the clinical care pathway. In the face of limited sensitivity of TB diagnostic assays, the decision for health-care workers to start or not start TB treatment is not straightforward but rather takes into account a complex array of information in addition to the results of diagnostic tests. Thus, new TB diagnostic tests need to be evaluated in pragmatic randomized trials to assess clinical impact (Dowdy et al. 2012) . To take into account the full diagnostic process, these often use a cluster-randomized design, although in certain circumstances, individually randomized trials are the only viable option. Study outcomes may include the diagnostic process (e.g., proportion diagnosed, proportion treated, and time to initiation of treatment) and clinical outcomes (e.g., outcomes of TB treatment and survival). Although assessment of individual outcomes may be achievable, the secondary effects of early TB diagnosis resulting in reduced TB transmission and reduced long-term burden of TB in the community are much more difficult to quantify. Careful context-specific economic analyses are also needed to evaluate cost-effectiveness. In addition, because cost-effectiveness does not denote affordability, budget impact analyses are also needed. Only then can rational choices be made by national Ministries of Health and national TB control program.
CONCLUSIONS
Huge progress has been made in the TB diagnostic developmental pipeline during the past 10 years, resulting in steady evolution of WHO policies for TB diagnosis and drug susceptibility testing. Despite this encouraging progress, we remain very far from the much-needed test that allows rapid and accurate diagnosis in unselected patients at the point-of-care, resulting in improved clinical outcomes and reduced TB transmission. Although the current array of technologies that are emerging from the developmental pipeline need to be implemented as effectively as possible, there remains a huge need for ongoing biomarker discovery combined with development of innovative technologies that lead to new and effective tools.
